The nucleotide sequence of the DNA fragment containing the streptomycin 6-phosphotransferase (streptomycin 6-kinase) gene from the streptomycin-producer Streptomyces griseus strain HUT 6037 was determined. Analysis of the sequence revealed an open reading frame which could encode 325 amino acid residues. A biased codon usage pattern, reflecting the high G + C composition (approximately 74 %) of Streptomyces DNA, was observed in the gene.
INTRODUCTION
The resistance mechanisms in streptomycetes which produce antibiotic inhibitors of protein synthesis have been studied with respect to enzymic inactivation (Benveniste & Davies, 1973 ; Skinger & Cundliffe, 1980; Sugiyama et al., 1981 Sugiyama et al., a, b, 1983 , resistance of target site (Cundliffe, 1978; Cundliffe & Thompson, 1981; Thompson et al., 1982) and membrane permeability (Sugiyama et al., 1981 b; Malik & Vining, 1972) . Streptomycin-producing micro-organisms do not possess drug-resistant ribosomes (Sugiyama et al., 1980 (Sugiyama et al., , 1981 ; rather, an antibioticmodifying enzyme, ATP : streptomycin 6-phosphotransferase (streptomycin 6-kinase) plays a major role in self-protection (Sugiyama et al., 1981 (Sugiyama et al., b, 1983 . We have purified this enzyme and characterized it physico-chemically (Sugiyama et al., 1983) . In addition, we have recently cloned the gene encoding streptomycin 6-kinase from the streptomycin-producing Streptomyces griseus strain HUT 6037 (Shinkawa et al., 1985) .
Aminoglycoside 3'-phosphotransferases which confer resistance to a variety of aminoglycoside antibiotics are found in some drug-resistant bacteria and antibiotic-producing microorganisms (Davies & Yagisawa, 1983) . Some aminoglycoside 3'-phosphotransferase genes have been cloned, and their nucleotide sequences have been determined (Oka et al., 1981 ; Beck et al., 1982; Herbert et al., 1983; Thompson & Gray, 1983) . We now report the DNA sequence of the streptomycin 6-kinase gene of S. griseus HUT 6037 and the comparison of its translated protein sequence with that of the gene encoding aminoglycoside 3'-phosphotransferase from the antibiotic-producing Streptomyces fradiae. (Shinkawa et al., 1985) , respectively, were used. These plasmids contain DNA from Strepfomyces griseus HUT 6037.
METHODS

Bacterial strain andplasmids. Streptomyces lividans strains SMR-1 to SMR-6, harbouring plasmids pSPl to pSP6
Growth conditions, assay of streptomycin bkinase activity, methods for protoplasting and regeneration of protoplasts, gene manipulation, isolation of plasmid and transformation of Streptomyces were performed as described elsewhere (Shinkawa et al., 1985) . The regions of compression due to high G + C content were sequenced by the 'C-modification' method of Ambartsumyan & Mazo (1980) . Computer analyses of the DNA sequence and comparison of the translated protein sequence between the . streptomycin 6-kinase gene and the aminoglycoside 3'-phosphotransferase gene were performed using the Genetyx program developed by SDC Software Kaihatsu Co. and by the method of Toh-e & Utatsu (1985), respec ti vely .
RESULTS A N D DISCUSSION
We have reported the cloning and expression of a gene which determines a streptomycinphosphorylating enzyme in the streptomycin-producer S. griseus HUT 6037 (Shinkawa et al., 1985) . In these experiments, we isolated six plasmids, pSPl to pSP6, which contained the streptomycin 6-kinase gene. In the present study, we analysed these plasmids in detail with restriction endonucleases. The analysis revealed that pSP4 was the same as pSP5, and that in vivo deletion had occurred in pSP3 and pSP6 ( Fig. la) . In addition, pSPl to pSP5 had the same inserted DNA fragment as pSP6, which had the smallest insertion of DNA. To localize the streptomycin 6-kinase gene, two deletion derivatives of pSP6 were introduced into S. lividans 1326 and tested for the ability to produce streptomycin 6-kinase in the strain. These plasmids, pSP61 and pSP62, were constructed by complete digestion of pSP6 with Sac1 and by partial digestion with BclI followed by religation, respectively. As shown in Fig. l(a) , the transformants containing pSP6 1 or pSP62 did not produce streptomycin 6-kinase, which, having an M, of about 37000 (Sugiyama et al., 1983) , could be encoded by about 1 kb of DNA.
From these results, we concluded that the essential region for the expression of the streptomycin 6-kinase gene was located on the approximately 2 kb DNA fragment carried by plasmid pSP6. Therefore, we sequenced this 2 kb fragment according to the strategy shown in Fig. l(b) . Fig. 2 presents the sequence of the 1602 bp DNA fragment carrying the streptomycin 6-kinase gene. An open reading frame consisting of 978 bp starts at position 501 and terminates with the stop codon TAG at position 1476, suggesting that the open reading frame is the structural gene for the streptomycin 6-kinase. This open reading frame can code for a protein of M, 33785. We have purified streptomycin 6-kinase from S. griseus HUT6037 and characterized it physico-chemically (Sugiyama et af., 1983) . The M, of the enzyme determined by SDS-PAGE and by Sephadex G-100 chromatography was about 36000 and 38000, respectively. Distler & (1985) have recently reported the cloning and expression in S. lividans of a streptomycin phosphotransferase gene from S. griseus N2-3-11, and presented some biochemical data characterizing the enzyme. The properties of the S. griseus enzyme that they describe are in good agreement with the data reported by us (Sugiyama et af., 1983) . However, the M, of the enzyme isolated from S. lividans harbouring the plasmid containing the streptomycin phosphotransferase gene was 33000 (Distler & Piepersberg, 1985) . This value is in good agreement with the M, of the putative protein encoded by the streptomycin 6-kinase gene sequenced in the present study.
Piepersberg
The G + C contents of the sequenced region containing the streptomycin 6-kinase gene and of the open reading frame are 73.8 % and 74.5 %, respectively. The codons used for translation of the streptomycin 6-kinase gene product are given in Table 1 . As might be expected for a Streptornyces gene (Bibb et af., 1985) , the high G + C content is reflected noticeably in the high proportion (89%) of codons that possess a G or C in the third position.
Analysis of the sequence of the streptomycin 6-kinase gene revealed two inverted repeats between nucleotide positions 1499 and 1532 that, when transcribed, could potentially form two hairpin-loop structures consisting of 11 bp and 10 bp (Fig. 2) . The theoretical free energy (Tinoco et af., 1971) of formation of each structure is -18.1 and -18.7 kcal mol-l (-75.7 and -78.25 kJ mol-l), respectively. One or other of these putative hairpin-loop structures might represent a transcription-termination signal.
The sequence in Fig. 2 contains 500 nucleotides upstream from the putative initiation codon of the streptomycin 6-kinase gene. Within that sequence, there is not a consensus sequence corresponding to the ribosome-binding site of Esherichia coli (Shine & Dalgarno, 1974) . The aminoglycoside phosphotransferase gene from S. fradiae has recently been reported to possess a very poor conventional ribosome-binding site (Thompson & Gray, 1983; Bibb et al., 1985) . The sequences of other genes encoding aminoglycoside-phosphorylating enzymes from drugproducing organisms, the aminoglycoside 3'-phosphotransferase genes from a neomycinproducing S. fradiae and from a butirosin-producing Bacillus circufans, are known (Herbert et al., 1983; Thompson & Gray, 1983) . The aminoglycoside 3'-phosphotransferase genes from the antibiotic-resistance transposons Tn5 (Oka et al., 1981) and Tn903 (Beck et af., 1982) , have also 
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G l y Ser A s p V a l I l e V a l Ser G l y M e t Leu I l e G l y Leu Leu GGC TCC GAC GTC ATC GTC AGC GGG ATG CTG ATC GGC CTC CTC CCG AGG CTG CAG TAG CAG TCG CCC TAC GAC TAG CCG GAG GAG A s n A r g His L e u A l a A l a V a l Phe G l u G l u Leu Leu Ser A l a AAC CGG CAT CTG GCC GCC GTC T T C GAG GAG TTG C T C T C C GCC TTG GCC GTA GAC CGG CGG CAG AAG CTC C T C AAC GAG AGG C G 6 Leu A r g P r o A l a G l y A l a T y r I l e A r g P r o G l y A l a G l u A l a CTG CGG CCC GCG GGC GCC TAC ATC CGC CCG GGA GCC GAG GCC SmaI GAC GCC GGG CGC CCG CGG ATG TAG GCGGGCCT CGG CTC CGG A l a A l a A l a A r g A s p A r g G l y G l u C y s A l a I l e G l y Tyr A r g GCC GCC GCG CGG GAC CGG GGC GAA TGC GCG ATC GGC TAC CGC CGG CGG CGC GCC CTG GCC CCG C T T ACG CGC TAG CCG ATG GCG T h r G l y T h r G l y T h r G l y A s p G l n G l y I l e A r g Leu A e n Pro ACC GGG ACC GGG ACC GGG GAC CAG GGC ATC AGG C T C AAC CCG TGG CCC TGG CCC TGG CCC CTG GTC CCG TAG TCC GAG TTG GGC V a l T r p TYK A l a G l u A s p G l n V a l V a l V a l I l e A l a T h r A s p GTC TGG TAC GCC GAG GAC CAG GTG GTG GTC ATC GCG ACG GAC CAG ACC ATG CGG CTC CTG GTC CAC CAC CAG TAG CGC TGC CTG circuluns, Tn5 and Tn903 aminoglycoside phosphotransferase genes. These results clearly showed that the most strongly conserved sequences were in the C-terminal 100 amino acids. For the structural genes encoding the aminoglycoside 3'-phosphotransferase from Tn5, Tn903 and S . fiudiue, pairwise comparison of the amino acid sequences of the three enzymes was also performed (Thompson & Gray, 1983) . The results revealed that there was considerable homology at the carboxy terminus. We compared the translated protein sequence of the streptomycin 6-kinase gene from S . griseus with that of the aminoglycoside 3'-phosphotransferase gene from S . frudiue (Thompson &Gray, 1983) . As shown in Fig. 3 , rather highly conserved regions were recognized at the amino terminus. It is known that streptomycin 6-kinase does not catalyse phosphorylation of neomycin, gentamicin and kanamycin (Davies & Yagisawa, 1983) . Conversely, aminoglycoside 3'-phosphotransferases do not phosphorylate streptomycin (Davies & Yagisawa, 1983) . If these conserved regions at the amino terminus are functionally important domains, they may involve the binding of ATP. In order to confirm this possibility, we compared the translated protein sequence of the streptomycin 6-kinase gene with that of the hexokinase gene from yeast (Frohlich et al., 1985) . However, no conserved regions were recognized.
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Recently, the genes encoding the streptomycin phosphorylating enzyme have been cloned from various streptomycin-producing strains of S. griseus (Ohnuki et al., 1985; Distler & Piepersberg, 1985; Shinkawa et al., 1985; Tohyama et al., 1984; Vallins & Baumberg, 1985) and a hydroxystreptomycin-producing strain of Streptomyces glaucescens (Hintermann et al., 1984) . The restriction endonuclease map of the streptomycin 6-kinase gene cloned from S. griseus HUT 6037 by Shinkawa et al. (1985) was similar to that from S. griseus N2-3-11 (Distler & Piepersberg, 1985) , but not to those from the other strains, including S. glaucescens (Hintermann et al., 1984; Tohyama et al., 1984; Ohnuki et al., 1985; Vallins & Baumberg, 1985) . It will be of interest to ascertain the possible evolutionary relationship among the genes of streptomycin producers by comparing the structural genes encoding the streptomycin 6-kinase.
By constructing a promoter-probe vector for Streptomyces, an experiment is now in progress to determine the promoter region of the streptomycin 6-kinase gene.
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